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Quantum repeaters allow to create long-distance entanglement between quantum systems while
overcoming difficulties such as the attenuation of single photons in a fiber. Recently, an implemen-
tation of a repeater protocol based on single qubits in atomic ensembles and linear optics has been
proposed [Nature 414, 413 (2001)]. Motivated by rapid experimental progress towards implement-
ing that protocol, here we develop a more efficient scheme compatible with active purification of
arbitrary errors. Using similar resources as the earlier protocol, our approach intrinsically purifies
leakage out of the logical subspace and all errors within the logical subspace, leading to greatly
improved performance in the presence of experimental inefficiencies. Simulations and analysis indi-
cate that our scheme could generate one, 1000 km-distant entangled pair per minute with a fidelity
sufficient to violate Bell’s inequality.
PACS numbers:
I. INTRODUCTION
Quantum communication holds promise for the secret
transfer of classical messages as well forming an essential
element of quantum networks, allowing for teleportation
of arbitrary quantum states and violations of Bell’s in-
equalities over long distances [1]. While experimental
and even commercial implementation of simple quantum
communication protocols are well established [2, 3], ex-
tending these techniques to distances much longer than
the attenuation length of optical fiber remains a challeng-
ing goal due to exponential attenuation of transmitted
signals. Quantum repeaters [4, 5, 6] overcome the expo-
nential time overhead associated with fiber attenuation
and other errors by using a quantum memory and local
quantum computation.
Several promising avenues for quantum repeater imple-
mentation include both atomic ensembles [7] and using
few qubit quantum computers, such as neutral atoms in
cavity QED [8, 9], ion traps [10] and solid-state single
photon emitters [11]. Experimental progress [12, 13, 14]
towards realization of the DLCZ protocol [7] has been es-
pecially rapid, with many building blocks demonstrated
in the laboratory. The experimental challenge is now
shifting towards the realization of scalable quantum re-
peater systems which could yield a reasonable communi-
cation rate at continental distances (& 1000km). Thus,
the DLCZ protocol should be examined and adapted to
practical experimental considerations, allowing to remove
imperfections such as the finite efficiency of retrieval
and single-photon detection and fiber length fluctua-
tions. Our approach extends the DLCZ protocol, keeping
the experimental simplicity of the original scheme while
avoiding fundamental difficulties due to these expected
experimental imperfections.
This paper is organized as follows. In Sec. II we will
describe the DLCZ protocol. In Sec. III we will provide
our new approach which uses a new basis to encode each
qubit. Section IV compares both the DLCZ protocol and
our approach in the presences of imperfections. Section V
estimates the time scaling of our approach and compares




A. The DLCZ Protocol
We now review the DLCZ protocol. The DLCZ pro-
tocol [7] starts with entanglement generation (ENG) by
counting the interfering Stokes photons scattered from a












2 |vac〉x,y , (1)
with Sˆ†x and Sˆ
†
y for creation operators of spin-wave
modes in two cells respectively, and φ the phase dif-
ference between left and right channels for Stokes pho-
tons [15]. Then entanglement connection (ENC) is per-













probabilistically. The ENC step pro-
vides built-in purification against many imperfections –
photon loss, atomic excitation loss and dark counts. In
the final step, post-selection is used to obtain an effec-






















comes static phase errors (time independent φ’s).
2FIG. 1: Repeater components: (a) Entanglement generation
(ENG). (b) Entanglement connection (ENC); indicated oper-
ations: retrieve bC and aC [additional 45
◦ rotations only for
the first level], join on polarizing beam splitter (PBS), detect
in ± basis conditioned on one photon per output, and finally
adjust the phase. (c) Entanglement purification (ENP); in-
dicated operations: retrieve a1, b1 and a2, b2 [additional 45
◦
rotations to purify phase error], interfere a1, a2 on PBS (same
with b1, b2), restore a3, b3 conditioned on single photon at a4
and b4 respectively, and finally adjust the phase.
There are two important merits of the DLCZ protocol:
first it has intrinsic purification of errors due to photon
loss (at fiber, quantum memory, and photon detector)
and significantly relaxes the experimental requirement
for quantum repeater; second, the time scaling of the
DLCZ protocol is always sub-exponential and very close
to polynomial when the retrieval and detection efficiency
is high. However, the DLCZ protocol does not purify all
kinds of errors. For example, time dependent φ’s (due to
fiber length fluctuation) induce phase error [23], which
is not purified, but rather accumulated and doubled af-
ter each level of ENC. In addition, combined photon loss
during ENG and ENC may also induce phase error not
purified by the DLCZ protocol. There is a significant
time overhead for the DLCZ protocol, especially due to
those realistic imperfections (Fig. 2(b)). For instance,
non-ideal retrieval and detection efficiency (η < 1) during
ENC introduces a large vacuum component, suppresses
the success probability of later ENC, and consequently
slows down the protocol.
Motivated by the above issues, we will extend the
DLCZ protocol, mitigating the above errors.
B. New approach
We now consider a different approach in which two
atomic cells are used at each node a, labeled (a,H) and
(a, V ), to store one qubit, a. The qubit is defined as one
FIG. 2: Comparison between DLCZ protocol and new scheme
(without ENP). For each scheme, by choosing appropriate
initial fidelity for elementary pairs, polarization entangled
state with distance 1280km and fidelity F = 90% (after post-
selection) can be generated. (a) Fidelity profiles. (b) Average
time profiles, with dotted lines for Eq.(7). Both plots assume
retrieval and detection efficiency η = 90%.
single spin-wave excitation shared between two cells:
{
|H〉a = S†a,H |vac〉 , |V 〉a = S†a,V |vac〉
}
. (3)
When the stored spin waves are converted back into pho-
tons, the photons have a polarization (H or V ) consistent
with that stored in the originating cell. This qubit basis
allows projective measurements along any qubit states,
e.g., |±〉 ≡ (|H〉a ± |V 〉a) /
√
2, using linear optical oper-
ations and photon counting [17]. We will show that in
this logical basis it is possible to perform entanglement
purification (ENP) [6] to reduce errors within the logical
subspace, including phase fluctuation. Since ENP can
suppress errors within the logical subspace which occur




, only a few ENP levels are
needed to obtain high fidelity entanglement.
We now describe our procedures for ENG, ENC and
ENP. ENG (Fig. 1(a)) is similar to that of the DLCZ
protocol, but here two parallel entangled pairs are gen-










= eiφ (|H〉a |V 〉b + |V 〉a |H〉b) + (4)
|HV 〉a |vac〉b + e2iφ |vac〉a |HV 〉b .
The entangled states are prepared in the quantum mem-
ory, so no simultaneity is required for creating the two
states comprising
∣∣ΨENG〉. For small excitation proba-
bility pc, the whole generation only takes time O (1/pc),




for schemes requiring simultane-
ity, e.g., coupling between trapped atom and photon [10]
or parametric down conversion [16]. Errors from multi-
photon events occur only with probability p2c , and are
considered in later analysis of imperfections.
The first level of ENC converts two
∣∣ΨENG〉 states (one
between aL and bC , the other between aC and bR) into
polarization entangled states |Φ+〉ab = |H〉aL |H〉bR +
|V 〉aL |V 〉bR . Only four out of the sixteen terms in














Retrieve bC , aC |0000〉 ± |0011〉 ± |1100〉 + |1111〉

















mode (p = 0.5)
|0000〉 + |1111〉









TABLE I: Entanglement connection procedure applied to˛˛
Φ±
¸
inputs for entangled pairs between aL and bC , and aC
and bR. For clarity, we introduce |0〉 ≡ |H〉 and |1〉 ≡ |V 〉
to represent logical states (i.e. states with exactly one exci-
tation), |HV 〉 for non-logical states with two excitations, and
|vac〉 for states with no excitation (sometimes omitted).
have any contribution to the output state; the remainder
are eliminated by projective measurement during ENC,
reducing the probability of success for ENC from 1/2 to
1/8. At higher levels of ENC, the operations correspond







leads to an entangled pair between L and R with proba-
bility 1/2, as detailed below.
The procedure for ENC is illustrated in Fig. 1(b).
First, the spin waves stored in qubit bC and aC are re-
trieved into photons. At the lowest level of ENC, the
polarization of the photons is rotated 45◦. The rotations
transforms |HV 〉aC(or bC) into (|HH〉 − |V V 〉)aC(or bC),
















H − S†V S†V
)
.
Thus, after the polarizing beam splitter (PBS) there will





, all seven terms containing
two excitations in at least one pair of cells in the center
repeater node (such as |HV 〉aC(or bC)) do not contribute
to the click patterns with one photon at each output.
Five terms containing two excitations in one of the left
or right repeater nodes (e.g., |HV 〉aL(or bR)) have at most
one excitation retrieved from bC and aC , which is insuf-
ficient to give two clicks. Therefore, only the four terms
remaining can give the correct photon detector click pat-
terns.
For all levels of ENC, the photons are then joined on
the middle PBS and the number of photons at two out-
puts are counted in the {|+〉 , |−〉} basis. With probabil-
ity 50%, there is one photon at each output, and the con-
nection is successful; otherwise the process is repeated.
If the two photons have orthogonal polarizations, a bit








|0001〉 + n |1101〉 + n′ |0010〉 + nn′ |1110〉













































. Same notation as Table I is used. For such given
input states, the click pattern never matches the right pattern,
and bit-error of single input qubit can be filtered completely.
The remaining steps to preserve the desired Bell states are
detection of a4, b4 in ± basis, a phase shift n ·n
′ based on the
measurement results, and storing of the travelling photons
(a3, b3) into atomic ensembles.
flip α |H〉+ β |V 〉 → α |V 〉 + β |H〉 is applied to aL [24].
At higher levels of ENC, where the 45◦ rotations are
not necessary, the bit flip is replaced by the phase flip
α |H〉+β |V 〉 → α |H〉−β |V 〉, as detailed in Table I. [25]
The third component is ENP (Fig. 1(c)) which obtains
a high fidelity entangled pair from two pairs. Our proce-
dure uses polarization entangled photons and is similar to
what has already been experimentally investigated [16].
During entanglement purification of bit errors (bit-ENP),
the qubits from two parallel pairs ρa1,b1 and ρa2,b2 are re-
trieved from the quantum memory and joined at PBSs.
The photons for two upper outputs are stored into quan-
tum memory a3 and b3. The photons for the lower out-
puts a4 and b4 are counted in {|+〉 , |−〉} basis. With
probability 50%, there is exactly one photon at each lower
output, and the purification is successful; otherwise two
new pairs are created by restarting the process. If the
two photons have orthogonal polarizations, a phase flip
is applied to a3. An example of purification of bit-error is
presented in Table II. During purification of phase errors
(phase-ENP), additional 45◦ rotations are applied to the
retrieved qubits and the bit flip is replaced by the phase
flip. The addition of 45◦ rotations effects the basis trans-
form |Φ−〉 ↔ |Ψ+〉, leading to purification of errors of
the other type. The truth table of phase-ENP is listed in
Table III. Bit (or phase) errors can be non-linearly sup-
pressed to second order during bit-ENP (or phase-ENP)
[26].
The three components described above for quantum
repeater protocol only use atomic cells, linear optics, and
photon numbers counting. The duration of the retrieved
anti-Stokes pulse can be made long (& 1µs) compared
to the detector recovery time by adjusting the intensity
and duration of the retrieval pulse. This enables photon
number counting of the anti-Stokes pulse [19].
4ρa1,b1 \ ρa2,b2 Φ
+ Φ− Ψ+ Ψ−
Φ+ Φ+ − Ψ+ −
Φ− − Φ− − Ψ−
Ψ+ Ψ+ − Φ+ −
Ψ− − Ψ− − Φ−
TABLE III: Truth table for phase-ENP. Each element give
the possible output state after the purification operation.
(”−” for cases with no outputs.)
III. NOISE AND IMPERFECTIONS
A. Non-logical errors
We now examine the performance of our new scheme
by considering the role of errors, starting with how im-
perfections due to inefficiency limit the protocols. Pri-
marily, we find that inefficiency takes logical states into
two types of non-logical states – those with too few exci-
tations (vacuum type) and those with too many excita-
tions (multi-excitation type). We represent these errors
by density matrix pivac (a mixed state with at most one
excitation between both pairs of cells) or pimulti (a mixed
state with at least one pair of cells with more than one
excitation). The normalized density matrix after mth

















where the m-dependent operator ρ
(m)
logic is the density ma-












probabilities for the logical, vacuum and multi-excitation
types, respectively.
After the first level of ENC, p
(1)
vac ∼ 1 − η and
p
(1)
multi ∼ pc ≪ 1. We can demonstrate that these three
probabilities remain stable for all higher levels of ENC,
by considering the un-normalized state after (m+ 1)th
















































multi (1 +O (pmulti))
where the logical error probability is
p(m+1)err ∼ (1− η) p(m)multi/p(m)logic. (5)
A more detailed calculation, in which pivac and pimulti are
further divided into subspaces with different number of
excitations (e.g. pivac is subdivided into zero-excitation
and one-excitation subspaces), verifies the stability of the







larly, dark count can also induce errors in logical subspace
with probability ∼ pdark (1− ηs), which is however neg-
ligible due to very low dark count probability pdark.)
For the DLCZ protocol, only two cells are used to store
entanglement. Besides the logical states (single excita-
tion in two cells), we can similarly define the vacuum
states (with no excitation) and multi-excitation states
(with two or more excitations). Contrary to our ap-
proach, the probability distribution is not stable – both
vacuum and multi-excitation probabilities increases with
distance. The vacuum probability soon becomes the
dominant term, which reduces the success probability of
ENC significantly, resulting in super-polynomial (but still
sub-exponential) time scaling (Fig. 2(b)). The logical er-
ror probability for the DLCZ protocol has the same form







err ) grows with distance, which accounts for the
sharp decrease of fidelity for the DLCZ protocol in Fig.
2(a). To maintain good final fidelity, the initial error
p
(1)
multi (and pc) should be very small, which demands
much longer generation time of an elementary pair for
the DLCZ protocol (Fig. 2(b)).
In essence, by requiring at least one excitation in the
ensemble, our qubit subspace is automatically purified of
vacuum and multi-excitation type errors during ENC.
The closest analog to the DLCZ protocol is our new
scheme without ENP, i.e., only ENC. Our scheme is
faster initially because we can start with a larger fraction
of multi-excitation states but still give the same post-
selection fidelity as the DLCZ protocol. At longer dis-
tances, our approach is further improved in comparison
to the DLCZ protocol due to the reduced amplitude of
vacuum terms.
B. Logical Errors
So far, we have only considered the effects of ineffi-
ciency that maps states between logical and non-logical
subspace by changing the number of excitations. Besides
inefficiency, there are other imperfections, which pre-
serve the number of excitations but induce errors within
the logical subspace, such as interferometric pathlength
fluctuation and linear optical misalignment. For exam-
ple, the interferometric pathlength fluctuation leads to a







→ eiφ (|H〉a |V 〉b + eiδ |V 〉a |H〉b
)
(6)
+ |HV 〉a |vac〉b + e2iφ+iδ |vac〉a |HV 〉b .
where φ is static phase difference between left and right
channels. Since the last two terms with |HV 〉 will be
removed during the first level of ENC, the static phase
φ has no effect. However, the probability of being in
an undesired logical state |Ψ−〉 is sin2 δ2 . The first
5level of ENC with the combined two inputs of Ψ− and





, proportional to the variance of
the interferometric phase fluctuation. This error will be
amplified during subsequent ENC’s, because the survival
probability of the state Φ− (the logical error) is twice as
much as that of Φ+ (the desired component). In prac-
tice, interferometric phase stability ∼ 1% over the time
to do ENG is necessary to achieve pphase−err . 1%. Also,
a small probability (perr) of linear optical misalignment
per ENC or ENP step is modeled as depolarizing errors.
Later, we will demonstrate that errors within the logical
subspace restrict the final fidelity of the DLCZ protocol,
while for our new approach additional active purification
can correct such logical errors to achieve high fidelity.
IV. SCALING AND TIME OVERHEAD FOR
QUANTUM REPEATER
A. Scaling analysis
Based on the calculation of the success probability at
each level of connection/purification, we can obtain the
estimated average time for various schemes. In Fig. 2,
we compare our approach to the DLCZ protocol. For
the DLCZ protocol, the average creation time of distant
pair contains a super-polynomial contribution (but still
sub-exponentially) with distance, due to instability of the
vacuum component. For our new scheme, the scaling is
strictly polynomial with distance, tavg ∝ Lα, and the ex-
ponent α = α (η) explicitly depends on the efficiency. In
addition, ENG can be much faster in our new scheme,
because the requirements for initial entanglement are re-
laxed (Fig. 2(b)).
For new scheme (without ENP), we can use the stable
probability distribution to estimate the average time:













L0/Latt is the elementary pair genera-
tion time, L0 is half the distance between neighboring re-
peater stations, and L is the final distance. The exponent
can be understood as resulting from the success proba-
bility for ENC, pENC ≈ η
2(3−2η)
2(2−η)4
. (The constant 1.5 is
the empirical estimate of the overhead from the waiting
time to obtain two independent pairs versus the single
pair.) In Fig. 2(b), there is an overall factor difference
between simulated data and Eq.(7), because the success
probability for the first level of ENC is smaller than es-
timated. It is proved [7] that one can always reach good
final fidelity if the elementary pair generation probabil-
ity pc scales as L0/L. Therefore, the average distant pair
generation time scales exactly polynomially with distance






FIG. 3: Average time versus final fidelity. DLCZ protocol
(black dashed lines), new scheme without ENP (blue solid
lines), and new scheme with ENP (red dashdotted lines), with
efficiency η to be 90% (circles), and 95% (stars). Distances
are 1280 km, and there is neither dynamical phase error nor
misalignment.
B. Comparison between different schemes
Besides the DLCZ protocol and our new approach
without ENP, we now introduce a third scheme with
ENP, which has one phase-ENP after the second level
of ENC. We may compare these schemes by using t− F
plots – a parametric plot of tavg and F as a function of
excitation probability pc. For given noise model and ef-
ficiency η, a repeater scheme corresponds to a curve on
t− F plane.
In the absence of interferometric pathlength fluctua-
tion (Fig. 3), our new approach without ENP is about
1000 times faster than the DLCZ protocol, for η = 90%.
As given by the previous discussion, this improvement
is due to better control of inefficiency-induced imperfec-
tions. There is a time overhead for new approach (with
ENP) as compared to new approach (without ENP).
Within each implementation, the higher the efficiency η,
the faster the quantum repeater. For high final fidelity
(1 − F ≤ 10%), the curves approach straight lines with
slope −1, because t ∝ p−1c ∝ (1− F )−1.
When interferometric pathlength fluctuation (leading
to initial phase error) is non-negligible, active ENP is
needed. In Fig. 4, t − F curves are plotted assuming
initial phase error probability pphase−err = 1%. Unlike
Fig. 3 (only inefficiency is considered), there is an upper
bound in final fidelity for each implementation. Both
the DLCZ protocol and new approach (without ENP)
suffer from the initial phase error, with final fidelity no
more than 65%, while new approach (with ENP) excels in
maintaining high final fidelity even up to 96%. For high
retrieval and detection efficiency (η = 95%), new ap-
proach (with ENP) can produce 1280km
6FIG. 4: Average time versus final fidelity with phase errors.
This shows the same optimized approaches as Fig. 3 but with
a dynamical phase error in the elementary two cell entangled





= 0.5%. Inclusion of ENP (red
dashdotted lines) yields a dramatic improvement in time for
high fidelity operation.
with fidelity 90% at rate 2 pairs/hour.
V. OUTLOOK
In summary, our new approach to long distance quan-
tum communication uses a different qubit basis and pre-
vents the growth of vacuum and multi-excitation prob-
abilities, which keeps the ENC success probability high
and error probability low, and leads to true polynomial
scaling even in the presence of realistic inefficiencies. We
can achieve a bandwidth of 4 entangled pairs/hour for
η ≈ 90% and negligible initial phase error. The new
approach also allows active entanglement purification,
which combined with built-in purification of transmis-
sion loss errors allows purification of arbitrary errors in
quantum communication.
Although the present approach shows a dramatic im-
provement in communication rates and robustness com-
pared to original the DLCZ protocol, the bandwidth
remains relatively slow, even when very high efficien-
cies and very long-lived quantum memory are assumed.
While such high efficiencies might ultimately be achiev-
able (see e.g. [21] for recent progress), other approaches
need to be considered that can further improve the effec-
tive communication bandwidth. For example, we can use
many cells per node to improve the bandwidth. In this
case, the improvement is at least linear with the num-
ber of cells, making it possible to realize long distance
(1280km) entangled state generation bandwidth of the
order of one pair per second. [27]
The work was supported by ARO/ARDA, DARPA,
NSF Career award, Alfred P. Sloan Foundation, and
David and Lucile Packard Foundation.
Note added. – Since completion of this work, a preprint
by Chen et al. [22] describing a similar approach to im-
prove the DLCZ protocol has appeared.
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(x⊕ y ⊕ 1) (mm′) where mm′ represents the parity
of two detected photons and the logical states are
|0〉 = |H〉 and |1〉 = |V 〉.
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the parity of two detected photons.
[27] A simple Monte Carlo optimization of efficient use of the
cells shows that we can increase the bandwidth by a fac-
tor of r = M1.12, where M is the increment of factor of
physical resources.
(a,H)
+/- +/-
+/-+/-
Channel
BSD1 D2
a b
(a) (b)
(c)
(a,H)
(a,V)
(b,H)
(b,V)
(b,H)
(a,V) (b,V)
(a,H)
(a,V)
(b,H)
(b,V)
Pair Pair
aL bC
(a,H)
(a,V)
(b,H)
(b,V)
Pair 1
a1 b1
(a,H)
(a,V)
(b,H)
(b,V)
a2 b2
(a,H)
(a,V)
(b,H)
(b,V)
a3
a4 b4
b3
aC bR45º
Pair 2
PBS
45º
45º45º
102 103
0.88
0.9
0.92
0.94
0.96
0.98
1
L (km)
F
η
s
 = 0.9
102 103
100
102
104
106
900
L (km)
t a
vg
 
(se
c)
DLCZ
NS
10−210−1100
102
104
106
108
1 min
1 hour
1 day
1 month
1 year
1−F
se
c
10−210−1100
102
104
106
108
1 min
1 hour
1 day
1 month
1 year
1−F
se
c
